Abstract. We describe the methodology used to set up and compute spatial derivatives of the electron moments using data acquired by the Plasma Electron And Current Experiment (PEACE) from the four Cluster spacecraft. The results are used to investigate electron vorticity in the foreshock. We find that much of the measured vorticity, under nominal conditions, appears to be caused by changes in the flow direction of the return (either reflected or leakage from the magnetosheath) and strahl electron populations as they couple to changes in the magnetic field orientation. This in turn results in deflections in the total bulk velocity producing the measured vorticity.
Introduction
Simply put, vorticity is the measure of rotation in a fluid flow. In a plasma, the presence of vorticity can, among other things, be an indication of turbulence, shear flow, or flow deflected around an object. The scale lengths over which the vorticity occurs is to a high degree a function of the source. Despite its usefulness, however, there have been only a few direct measurements of vorticity in space plasmas primarily due to the lack of near simultaneous multipoint measurements.
Direct observations of vorticity require the ability to make volumetric measurements which in turn requires simultaneous measurements at a minimum of four non-coplanar positions. Until the launch of Cluster this was not possible. Since then measurements of three-dimensional properties and symmetries of the magnetic fluctuations can and are being carried
Correspondence to: C. Gurgiolo (chris@gurgiolo.com) out using data from the Fluxgate magnetometer (FGM) and Spatio-Temporal Analysis of Field Fluctuations (STAFF) experiments (see, e.g., Narita et al., 2006 Narita et al., , 2010 Sahraoui et al., 2010; Fairfield et al., 2007) while PEACE data has been used to measure the divergence of the electron pressure tensor (Henderson et al., 2006 (Henderson et al., , 2008 and electron vorticity in the magnetotail (Dewhurst, 2005) . To date there have been no such attempts of computing spatial derivatives using plasma data in the upstream. The early failure of the Cluster Ion Spectrometry (CIS) Hot Ion Analyzer (HIA) experiment on two of the spacecraft left only the electron data from PEACE with the required minimum number of spatial measurement points.
Electrons, however, are often considered to provide a less than ideal fluid representation of the solar wind. This is most likely based on the recognition that for solar wind observations, electrons are subsonic, so that extracting accurate moments requires very careful calibration as well as careful integration over the distribution function. Current electron data taken within interplanetary space are for the most part on a par with the ion data and as will be demonstrated in this paper, solar wind moments from the PEACE and CIS experiments are nearly interchangeable.
In interplanetary space the plasma is dominated by the solar wind. The solar wind consists of multiple electron populations which include the core, halo, superhalo, and the strahl (see Lin et al., 1997; Maksimovic et al., 2005 , and references therein). In the vicinity of 1 AU, if the point of observation is also connected to the bow shock, the plasma may contain solar wind electrons which have been reflected off the bow shock (Wu, 1984) or post-shocked electrons which have leaked back into the upstream (Gosling et al., 1989) . Because we will not be concerned with the exact source of these the latter two population of electrons in this paper, we will refer to any population that is moving back into the upstream as return electrons. Both the strahl and the return electron populations are highly field aligned, which allows them in most Published by Copernicus Publications on behalf of the European Geosciences Union.
cases to be easily distinguished and separated from the core and halo.
Indirect inference of plasma vorticity has been made in many studies, generally by coupling observations with specific models or simulations (e.g., see Goldstein et al., 2001) . Deducing vorticity from a single-point measurement implies that only one scalar component can be estimated. A direct, volumetric determination can, in principle, deduce the full vector nature of the vorticity and also allow for dynamic changes in the vorticity to be followed with a time resolution commensurate with the time resolution of the moments. For example, Burlaga (1990) ; Burlaga and Richardson (2000) ; Burlaga et al. (2002) ; Veselovsky and Triskova (1990) ; Veselovsky (1990) have suggested the presence of a heliospheric vortex street in the interplanetary media using Voyager-2 data while the presence of vorticity on the flanks of the magnetosphere has been deduced from Cluster observations by several authors, usually when the IMF is northward (Hasegawa et al., 2004 (Hasegawa et al., , 2006 Fairfield et al., 2007) , but, more recently, also when southward Hwang et al. (2010) .
In this paper we present direct measurements of vorticity in the electron plasma near 1 AU. These provide significant constraints on possible driving mechanisms and allow for reasonably unambiguous identification of the source. The measurements are made using the PEACE experiment on the four Cluster spacecraft. The paper is divided into two parts. In the first part we describe the methodology used to compute the plasma moments and the spatial derivatives. The vorticity is estimated directly from the spatial derivatives. In addition, we also show comparisons of the ion and electron moments as well as describe the method used to cross calibrate the electron moments across the four spacecraft. In the second part of the paper we present measurements of the electron vorticity over a two and a half hour period from 20 February 2003, when the spacecraft were upstream of the bow shock and for the most part within the foreshock. We will show that most of the observed vorticity can be explained by small deflections in the overall bulk velocity caused by rotations in the magnetic field. The deflections appear to be due to the strong coupling of the magnetic field with the strahl and return particle populations.
Data
This study uses data from five separate Cluster experiments. The electron data from PEACE forms the primary data set while data from the Fluxgate Magnetometer (FGM); Electric Field and Waves (EFW); Waves of High frequency and Sounder for Probing of Electron density by Relaxation (WHISPER); and CIS are used to verify the electron data, to describe local conditions, and to support conclusions. Below we provide a brief description of the PEACE experiment as well as how the data from the other experiments are used. PEACE consists of two hemispherical electrostatic analyzers on each of the Cluster satellites (Johnstone et al., 1997) . The two analyzers, designated HEEA (High Energy Electrostatic Analyzer) and LEEA (Low Energy Electrostatic Analyzer) are separated by 180 • in phase on the satellite and differ only in their geometric factors (HEEA has the larger geometric factor). Despite their acronyms, both can cover the energy range 0.6 eV to 26 keV. We include data only from LEEA in this paper. The analyzers field of view are perpendicular to the spacecraft spin axis, i.e., approximately perpendicular to the GSE ecliptic. Each covers 180 • of polar angle in 12 sectors. The full 360 • of azimuth is covered in one rotation of the spacecraft allowing a three-dimensional snapshot of the electron distribution to be accumulated once per spin ( ∼ 4 s).
Because of telemetry restrictions, PEACE generally returns only a subset of the total data collected on-board. Exactly what is returned depends on the instrument mode which can be separately commanded for both analyzers on each of the four spacecraft. The telemetry rate determines the frequency with which full three-dimensional distributions are downloaded. During the time intervals used in this paper, all satellites were operating in burst mode telemetry and PEACE was returning 3-D distributions every four seconds. The LEEA analyzers on all spacecraft were returning data in 3DXP1 mode (30 energy steps, 32 azimuth sectors, and 6 polar zones). The covered energy range was from 5 to 1050 eV.
Data from PEACE provide a full description of the local electron environment at each spacecraft. Moments formed from the data are used as input into an algorithm to compute a set of spatial parameters within the volume formed by the four spacecraft. This includes estimates of the electron compression and vorticity. EFW data provides a spin averaged spacecraft potential which is used to correct the energy bin limits of the PEACE energy steps prior to computing the electron moments. Both WHISPER and CIS data are used as a check the overall calibration of the PEACE analyzers. The PEACE-derived electron densities are compared against the WHISPER density determination made from the Langmuir plasma resonance while the bulk electron component velocities are compared against the CIS derived values for the ions. The latter comparisons can only be made on C1 and C3 due to failures of the CIS HIA experiments on C2 and C4. The status of the WHISPER experiment must also be monitored as when it is actively sounding it distorts the spacecraft potential and hence the moments. The magnetic field data is used to characterize the local plasma environment and in rotating moments into a magnetic field frame of reference. With the exception of the EFW potential data which was taken from data provided to the PEACE team, all data was obtained from the Cluster Active Archive (CAA).
Moment computations
The moments associated with a velocity distribution function (VDF) are formed from numerical solutions of the equation:
where M is the moment (density, velocity, pressure, heat flux), f is the plasma VDF in spherical coordinates, v is the particle velocity, φ is the azimuthal angle, θ is the polar angle, (v x ,v y ,v z ) are the particle component velocities expressed in Cartesian coordinates and (l,m,n) are exponents which range from 0 to 3. Moments are generally expressed in Cartesian coordinates but evaluated in spherical coordinates and it should be understood that the Cartesian velocity components in Eq.
(1) are to be converted to a spherical representation prior to integration. The exact values of the exponents in the equation are set by the moment being computed. Density is computed by setting all the exponents to 0 and the three components of the bulk velocity by setting either l,n or m to 1 and the remaining two exponents to 0. Other combinations are used in the computation of the pressure and heat flux tensors neither of which is used in this paper. The approach used to evaluate Eq. (1) depends to a large degree on how the data forming the VDF is taken. PEACE takes measurements within a discrete number of volumes in phase space, each of which has associated with it a unique energy, polar, and azimuth range. Together these bins form the f (v,φ,θ ) data matrix used in the moment integrals. Energy (ε) is scanned sequentially from a preset maximum to minimum value during which time the spacecraft rotation is used to scan in azimuth (φ). The polar data (θ) are taken in parallel at each (ε, φ) measurement. Scans in energy are repeated throughout the spin. The number of energy sweeps in a spin, as well as the number of polar bins returned depends on the instrument mode. A complete f (v,φ,θ) matrix is acquired once per spin. The measured matrix is contiguous in energy and polar angle but generally not in azimuth. This prevents a direct solution of Eq. (1) as a sum of integrals over the individual volumes without some assumptions.
The gap in azimuth arises from the time difference between successive measurements at the same energy step. This is illustrated in Table 1 which shows a pair of hypothetical energy sweeps each containing 5 bins. The energy bins are sampled in succession beginning at E1 and ending at E5 at which point the process repeats. During this time the spacecraft has rotated through an azimuth equivalent to 360(T s /T p ) where T s is the time between successive measurements of the same energy step (equivalent to the time required to complete an energy sweep) and T p is the spacecraft spin period. The amount of rotation varies with mode but is generally between 5.6 • and 22.5 • . The azimuthal width subtended by the energy measurement (assuming a 4 s spin) is 0.375 • plus the instrument azimuthal field of view (2.8 • for LEEA and 5.3 • for HEEA). Only HEEA at the smallest gap provides a contiguous set of data in azimuth. The azimuthal gap in the data set used in this paper is 7.5 • . The standard procedure, when there is a gap in any direction, is to expand the measurement to fill the gap. This is the approach we will take with the gap in azimuth, however, rather than assume that the VDF measured within a given (ε,θ) is constant through the gap, as is often done, we assume that the VDF varies linearly in φ across the volume i as:
Here A i and B i are given by:
where dφ i is the azimuthal width of the volume, φ i0 is the azimuth at the leading edge of the volume, and f i and f i+1 are the VDF values in the current and next volume elements.
With a contiguous set of data the preferred method of evaluation of Eq. (1) is to represent it as a sum of exact integrals over the individual measurement volumes. Substituting Eq. (2) into Eq. (1), the integral over a volume element i becomes
This can be evaluated analytically for any (l,m,n). The integral limits are those associated with the i-th volume. One last step, prior to integration, is to correct the measured energies (and through them the velocities) for the spacecraft potential. The correction formula for the energy is:
where ε M is the measured energy, the spin averaged spacecraft potential obtained from EFW, and the 1.5 is the estimated contact potential between the probes and the ambient plasma (F. Mozer, private communication) in volts. Small differences in the actual contact potential from that used will not effect the conclusions drawn in this paper. The correction for potential presents two special cases which must be considered when solving Eq. (3); times when the volume element falls below the spacecraft potential and times when the spacecraft potential falls within the volume element. Handling the first case is straightforward; the volume integral is set to 0 and as such does not contribute to the overall integral. The second case, however, allows for several approaches. The easiest is to use the same approach as when the volume element is below the potential and set the volume integral to 0. This is, however, not a very satisfying one. If the potential is near the upper edge of an energy bin then it can be argued that only a small fraction of the volume element would actually contribute to the integral and setting it to 0 would not be out of line. The same cannot be said, however, if the potential is closer to the lower edge of the energy bin where now a large fraction of the volume element would contribute to the integral. The approach we use to set the lower velocity limit in the integration to 0 and to replace its phase space density (which is not usable as it is contaminated to an unknown degree by the plasma below the spacecraft potential) with that measured in the next higher energy bin. We consider this to be a better solution than to totally ignore the volume in the overall integration.
The analytical solutions of Eq. (3) for the plasma density and bulk velocity along the three principal axes are given by:
where J in the summation is the total number of volume elements which depends on the instrument mode. The PEACE moments are computed in the instrument reference frame. These are then nominally rotated into the GSE frame of reference and if required rotated again into a magnetic field frame of reference.
An important consideration when working with Cluster plasma data is the status of the WHISPER experiment. When WHISPER is actively sounding it tends to distort the spacecraft potential making any moments derived during this time period unreliable. For this reason, moments computed during spins when WHISPER is sounding are flagged and dropped from all subsequent analysis. In general the gaps these leave in the time series are filled by a linear interpolation using the moments to either side.
Viñas and Gurgiolo (2009) have compared the above method of moment evaluation with one in which the moments are evaluated using a spherical harmonic fit to the VDF. The two methods give nearly identical results through the computation of the pressure tensor. Heat flux was not evaluated. The comparison shows that for the most part further interpolation of the velocity and polar angle through the individual bins yields negligible returns.
Computing spatial derivatives
Determination of both the plasma compression (∇ · V) and vorticity (∇ × V) involves the computation of spatial derivatives. Spatial derivatives of a quantity Q can be computed provided that it is known at a minimum of 4 non-coplanar spatial locations, a condition met by the four Cluster spacecraft. With only four data points we are limited to assuming a linear solution to the variation of the quantity across the volume defined by the spacecraft as:
where Q is the quantity being fit, i is used to represent component (x, y or z), (a,b,c,d ) are a set of unknown coefficients, and (X,Y,Z) are the spacecraft position coordinates. For any Q there are 4 equations of the form (8), one per spacecraft.
To give an explicit example consider the solution for V x . (Solutions for Vy and Vz are similar.) This is given by the coupled set of equations:
which can be solved by any number of common analysis techniques.
Using solutions for the coefficients to the component velocity equations the compression and vorticity become:
With only a linear fit to the data possible, both the divergence and curl are independent of position. Possible errors in the computation of the spatial derivatives can be traced to five main sources: problems with timing, errors in the position variables, errors in the moment variables, inter-spacecraft calibration, and how well the data can be represented by a linear approximation. A detailed discussion of many of the above sources can be found in Chanteur (1998); Vogt and Paschmann (1998) . How we handle such errors specific to this analysis are described below.
Timing errors arise due to the fact that the four Cluster spacecraft are not spin synchronized; that is similar measurements on each spacecraft do not start and end at the same time. Small differences in spin rate between the four spacecraft add to this. To compensate for this we place all of the moment data into a set of common time grids prior to usage. A time grid is a continuous set of cells all with a common width δt. Each measurement has its own time grid and corresponding normalization grid and all time grids have identical timing definitions. For the purposes of this study the grid cell widths were chosen to be 4 s, approximately the average spacecraft spin period. In general each computed moment will overlap two cells within the its grid unless the cell start and stop times happen to exactly match the measurement start and stop times. Cells will contain the time weighted data of the measurements which overlap it. The cell values are renormalized at the end of the data acquisition and prior to any usage. As a specific example consider a cell in the time grid that runs from T to T + 4 and a measurement F that runs from T + 1 to T + 5. The cell contains 75% of the measurement (with 25% being contained in the next cell). The cell value is then incremented by 0.75F and the corresponding normalization by 0.75. The final renormalized value assigned to the cell is its value divided by its corresponding normalization value. This scheme allows for arbitrary numbers of measurements to be contained within a single time cell. An excellent overview of the methods and errors associated with aligning non-synchronized data sets can be found in Harvey and Schwartz (1998) .
Errors due in the spacecraft positions are generally but not always negligible. Cluster positional errors are on the order of 1 km at apogee and decrease from this through perigee (Volpp and Sieg, 2010) . The error is important when the spacecraft component separations are small. While the computation of the spatial derivative is made using the component spacecraft separations which can at times be quite small, even 0 if two spacecraft lie in the same plane, the total error is a combination of the errors between all spacecraft. This is generally on the order of 2% when the spacecraft in close formation (on the order of 100 km average separation) and decreased to under 0.2% when the spacecraft have separations on the order of 1000 km.
Errors in the measurements themselves are difficult to estimate as they arise from a number of sources. Some of the more important include: statistical fluctuations in the measured countrates; errors in the calibration coefficients; and aliasing within the full 3-D eVDF resulting from changes which occur on a time frame faster than the acquisition time. These and more have been covered in depth by multiple authors, for example see Paschmann et al. (1998) .
To estimate errors in velocity moments due to statistical variations in the countrates we selected a typical eVDF, randomized the measured countrates about their mean assuming a Gaussian frequency distribution, and then computed the moments. This process was repeated 2000 times using the same base eVDF. Analysis of the spread in the resultant velocity moments gave a mean error of close to 6% (half width divided by the mean).
Estimation of the errors due to problems in the calibration can be obtained by comparisons of the moments themselves with comparable moments derived from other experiments, generally WHISPER for electron density and in the solar wind, CIS for the velocity moments. This is taken up in more detail in Sect. 5 with the results indicating that the errors of this nature are probably small.
Time aliasing in the moments which occurs when there are large variations in the VDF on time scales faster or commensurate with the spin period can pose a significant source of error. These types of variations are generally associated with rapid boundary crossings and regions of high frequency turbulence. With solar wind electrons rapid rotations in the magnetic field can also lead to time aliasing as this is reflected in changes in the flow directions of the strahl and return populations. Errors due to time aliasing do not lend themselves to easy estimation. They occur only at select times in the data and their associated error is a function of what effect they have of the measured eVDF.
Cross-calibration of the instruments across the four spacecraft can introduce significant errors in the spatial derivatives if not taken into account and corrected. The approach we have taken to cross-calibrate the moments across the spacecraft is discussed in Sect. 6.
Probably the most important error associated with the computation of the spatial derivatives is contained in the assumption established in Eq. (8); that the data is linearly varying across the volume defined by the spacecraft. This is probably never the case and the question really to be asked is how close to linear is the variation? Unfortunately this is not an answerable question.
The use of a linear fit should be a good approximation at small spacecraft separations and anytime the spacecraft separations are smaller than the basic spatial scale lengths of interest in the data. However, when the average spacecraft separation is much larger than the spatial scale lengths of interest significant errors can arise. For example, consider the case where there is a sharp, narrow jump in the velocity within the volume defined by the spacecraft with no spacecraft in the transition region. Each spacecraft sees a velocity of either V 1 or V 2 depending upon which side of the transition it is located. The linear fit simply spreads the localized gradient out over the entire volume which produces an underestimation in all of the spatial derivatives. This underestimation increases with increased spacecraft separation and decreases as the spacecraft separation approaches a distance comparable with the scale length of the transition region.
To compound the problem, if the spacecraft configuration forms a highly irregular tetrahedron, the spacecraft separations along the GSE axes (the axis along which the vector moments are computed) can be quite diverse. (Even with the spacecraft in a perfect tetrahedral configuration the scale lengths along the principle axes are generally unequal.) This allows for cases where the linear fit may actually be a good representation along a subset of the three axes, but not all three. It also means that when there is underestimation of spatial derivatives, the amount of underestimation will probably be different along each axis. This difference will vary with the quality of the tetrahedron formed by the spacecraft and hence with orbital position.
The inclination then might be to restrict analysis to those cases where the spacecraft are closely separated to attempt to always be within the spatial scale lengths of the data. This, however, brings with it its own set of errors. The closer the spacecraft are to one another the less variation there should exist in similar measurements. (As two spacecraft approach each other common measurements should converge to a single value.) Errors in instrument calibration and cross calibration and statistical errors begin to assume a dominant role in the accuracy of the spatial derivative determination. This is generally preferable to the case where the spacecraft separation is larger than the spatial scale lengths unless the gradients are extremely small.
To conclude, while a detailed estimate of the total error associated with the computation of the divergence and cross product of the electron velocity is not practical, a standard propagation of error analysis of just the statistical errors associated with the measured parameters which enter into the computations suggests that a base 15% error in the divergence and a base 12% error in the cross produce would not be out of line. Errors from other sources discussed above would increase these when present.
Data quality
The use of electron moments to represent the solar wind raises concerns about accuracy. Much of these, if not all, have a heritage from dealing with older instruments and data sets. Concerns generally center on the energy range of the solar wind electrons which may extend below the instrument energy range, from contamination by spacecraft photoelectrons, from the influence of spacecraft charging, and, perhaps most importantly for solar wind observations, the difficulty in pulling the moments out of a thermal background that is one to two orders of magnitude greater than the velocity moments. All these situations can introduce significant errors into the computed electrons moments. These problems are generally not present in ion data and thus moment construction from ion data is much more straightforward and significantly less likely to have large errors. With the loss, however, of the C2 and C4 CIS HIA heads this cannot be done for computing spatial derivatives. Most new electron instruments, such as PEACE extend to low enough energies (especially given the boost in energy by the spacecraft potential) and are sufficiently well calibrated that such concerns should no longer be a problem. That PEACE is able to provide moments commensurate with the ion measurements is shown in Fig. 1 . Figure 1 is a comparison of plasma moments obtained from PEACE (black traces) with those obtained from WHIS-PER (green +) and CIS (red traces) over the time interval to be looked at. The top panel shows the derived electron density and the following three panels, the components of the bulk velocity. All data is from C1. The figure shows that, overall, the electron and ion derived velocities are on a par with one another and that the PEACE measured density matches that derived from WHISPER. It should be noted, however, that there is somewhat more noise in the electron data that probably originates in the subsonic nature of the electron fluid, as noted above, however, some may be the result of time aliasing (changes in the distribution between the beginning and ending of the full 3-D measurement). 
Cross calibration
Computations of spatial derivatives require not only that individual instruments be well calibrated but also that they be calibrated across the various spacecraft. Minimal variations in the instrument calibrations result in DC offsets of the individual moments between the spacecraft. These differences introduce gradients across the measurement volume which in turn translate to DC offsets in the computed spatial derivatives. These can be significant when the spacecraft separation is small. The purpose of cross calibration is to reduce the differences in calibration which may exist and to therefore minimize any existing DC offsets in the data between various spacecraft. Cross calibration of PEACE across the spacecraft is done on the moment level. If the instruments are all individually well calibrated the moments between spacecraft in the solar wind should closely resemble one another. To remove any DC offsets, the average of each moment is computed over a time period long enough to ensure that the averages are not influenced by short term variations in the data. For this study the average was taken over the entire event shown in Fig. 1 , about 2.5 h. In general the time period should be at least an hour in duration. The average moments from either C1 or C3 (whichever shows the closest match to the WHISPER electron density and CIS velocity) are used as anchors allowing DC or multiplicative shifts to be computed which are then used to shift the moments to the anchor moments. In general densities are multiplicatively shifted and velocities DC shifted. Figure 2 shows the density and velocity components for the 20 February 2003 event. Each panel shows corresponding moments from all four spacecraft. The moments in the left-hand column are those computed prior to cross calibration and those in the right-hand column of plots are the same moments after cross calibration.
The scatter in the density plots from the four spacecraft is the result of differences in the assumed individual analyzer gains which with the exception of C1 are not well set for this time period. The instrument gain however affects only the density computation and acts to multiplicatively shift the values either up or down by a constant factor. It has no affect on the velocity computations which are the crux of this paper. The removal of DC shifts in the moments is seen in the second column of plots in the figure. This greatly tightens the correlations between the moments. As would be expected if the differences in density are gain based, the density curves show excellent correlation after cross calibration.
The basis for the DC shifts in the velocity are not clear. Presumably these arise from the how the MCP efficiencies are set on the various spacecraft. The MCP efficiencies exist per energy channel for each analyzer which makes any guess as to the source of the DC offsets beyond the scope of this paper. A DC rather than a multiplicative offset was used simple because it was better at cross calibrating the data.
Separating populations
The electron solar wind consists of multiple populations: the core, halo, superhalo (well above the PEACE energy range), and strahl. When the measurement point is connected to the bow shock there may also be a return population present in the VDF. At times it is expedient to be able to separate these populations and to compute their moments individually. The method used to separate the populations needs to be reasonably fast, straightforward, and able to be automated so that it can be carried over large time intervals out without intervention.
Our preferred method is to define volumes of interest in velocity space and then to integrate over the limits of the volumes. The volumes themselves are dynamically established and can to a high degree be used to isolate most of the populations involved. How this is done is illustrated in Fig. 3 .
Each plot in the figure is a map in (φ,θ) space of the eVDF measured at a fixed energy. This is shown in a PEACE based coordinate system in which θ is the angle of the LEEA aperture with the spacecraft spin axes (θ = 0 • is normal to the spin axis) and the plane formed by φ = 0 and the spin axis contains the sun. The Cluster spin axis is nearly parallel to the negative GSE Z-axis.
The particle velocities in the plots are shown in the plasma flow frame (which plots the measured intensity against the complement of the normal analyzer aperture angles). In this frame the core/halo is observed at a phase angle of ±180 • which is anti-sunward flow rather than 0 • when the analyzer aperture is pointing at the sun. The center energy corresponding to each row of plots is shown at the right where the values in parentheses are the potential corrected energies. Because the color range is individually autoscaled for each plot you cannot simply compare intensities between plots by color. The minimum and maximum scaling is given above each plot. The solid triangle and circle in each plot are projections of the head and tail of the spin averaged magnetic field, respectively.
A column of plots represents a single VDF taken during a single spin. In this case each column of plots shows data from the same spin for the purpose of illustrating the use of different maskings to form an integration volume. The energies plotted within a column in the figure are a subset of the entire set of energies returned. With the exception of the lowest energy step shown, the energies are consecutive.
The first column of plots shows the data without any masking. The core-halo population is seen from 38.0 eV down, moving anti-sunward and centered on φ = ±180 • . Sitting above the core-halo in the plots is the strahl. Notice that at about 46.7 eV the center of the distribution shifts from the sun centered line to the magnetic field and by 56.7 eV the distribution is fully field-aligned. The transition occurs as the strahl begins to dominate over the halo. Also beginning at about 46.7 eV there is a weak sunward moving field-aligned population centered on the triangle. This is a return electron population and indicates that the local field has a connection to the bow shock.
The second column of plots shows the application of a mask to remove the return electrons. The mask is centered and anchored on the head of the magnetic field and all VDF values within the masked region are set to 0. Anchoring masks to the magnetic field allows them to follow the field and stay centered on the field aligned populations. Integrating over the masked VDF gives the full solar wind moments less the return population. By separating the integration into two, the first from 0 to 38.0 eV and the second from 46.7 eV to ∞, we can further separate the core/halo from the strahl. (Understand 38.0 to indicate the upper edge of that energy channel and 46.7 to indicate the lower edge of that energy channel so that the integrals are contiguous.)
The third column of plots shows masking of the strahl similar to the masking of the return particles. Integrating from 46.7 eV to ∞ gives the moments associated with the return population.
For the time period being looked at in this paper we consider the strahl to run from 46.7 eV up in energy and the core/halo from 38.0 eV and down. It is obvious that at the break energy there is still some halo signature, however as seen in Fig. 4 this appears to be minimal. Figure 4 shows the strahl moments computed from 38.0, 46.7, and 57.7 eV to infinity. The upper panel in the figure is the density followed by the spherical components of the velocity. There are two features to look for in the plots that would suggest a transition from a nearly pure strahl VDF to one that includes a significant amount of halo electrons; the deviation from a purely field aligned flow and a large jump in density. Both of these occur with the inclusion of the 38.0 eV electrons. For the most part the field is nominally radial, however, there is a large rotation between 12:30 and 12:50 UT and it is exactly in this interval where one can see the velocity moves significantly away from being field-aligned when the 38.0 eV particles are added to the integral. This is seen primarily in the φ component. With only six returned polar bins (30 • bin widths as opposed to the 11.25 • azimuthal bin widths) at this time the resolution is insufficient to show the separation in θ other than to suggest that the polar flow angle does move toward the ecliptic plane. The large jump in density when including the 38.0 eV electrons is another indication of the inclusion in the VDF of a large halo population. Figure 5 shows spectrograms from three of the PEACE LEEA polar bins on Cluster-1 covering the interval 11:30 to 14:04 UT on 20 February 2003 (day 51). Magnetic field data in spherical coordinates is overlaid in red. The upper and lower spectrograms contain data from the extreme polar bins (both looking near perpendicular to the ecliptic plane) while the center panel contains one of the two ecliptic band polar sectors. The spacecraft separation for the same time period is shown in Fig. 6 . Total distance between the spacecraft varies from 3000 to 5700 km while the configuration geometric quality factory, Q GM , as defined in Robert et al. (1998), varies from 2.79 to 2.43. The latter indicates that the spacecraft are in a reasonable tetrahedral configuration.
Observations
There are several features to note in Fig. 5 . In the center panel the high energy particles above 50 eV are a combination of return electrons moving sunward and the strahl which are moving anti-sunward (refer back to the first column in Fig. 3) . The former population can be used as an indicator of when the spacecraft is in the foreshock although this is not foolproof since you can be connected with no return signal. There is a large rotation in the field between 12:30 and 12:50 UT which is clearly seen in B φ and several sharp rotations in B θ , notably just before 12:30 UT and at 13:35 UT. These rotations in θ move both the return and strahl signatures (which are field aligned) out of the ecliptic and to more extreme polar angles. This is seen in Fig. 5 as sharp decreases in the >50 eV particles in the middle panel coupled with increases in the high energy signature in the upper and lower panels. Because the strahl and reflected particles are counter-streaming they shift in opposite directions; the strahl shifts to the upper panel while the reflected particles move to the lower panel.
Plots of the different spatial derivatives for the 20 February event are shown in Fig. 7 . The upper panel contains the reduced C1 parallel velocities of the return (black) and strahl (red) populations and allows easy identification of periods when both populations are present versus when only the strahl is present. The reduced velocity is the measured velocity multiplied by the ratio of its density to the total electron density. This is effectively the contribution of the population to the total parallel velocity. Note that the return velocity drops to a non-zero baseline when the population is absent. In descending order: the reduced parallel velocity of the C1 strahl and return electrons, the electron compression, three GSE components of the electron vorticity, the magnitude of the vorticity and the φ and θ GSE components of the C1 magnetic field.
This is due to the presence of low intensity noise within the mask region. The succeeding panels in the figure show the electron compression, the components of the vorticity, the magnitude of the vorticity, and the phi and theta angles of the C1 magnetic field. All plots of vorticity together with the plot of the compression in this figure and successive figures are for the total electron population. High time resolution plots of the magnetic field data for all spacecraft (not shown) indicate that the spatial scale associated with rotations in the magnetic field are much larger than the spacecraft separations. While the divergence of the velocity is not explicitly considered in this paper it is interesting to note that the electron population appears to be expansive in the presence of return electrons and compressive when they are absent. It is not entirely obvious why this should occur. Multiple instances of enhanced vorticity are readily seen in the plot of the vorticity magnitude the most intense of these occurring between 11:40 and 12:00 UT. The following three plots show higher resolution plots of specific time periods within the interval to better show what relationships exist between increases in vorticity and the local conditions. The times were selected to show the vorticity within very different upstream conditions. Figure 8 covers the time period of the first set of enhancements in the vorticity. There are return particles present during the entire time period. The vorticity seen between 11:46 and 11:49 occurs in the presence of a set of magnetic waves as seen in B θ . The large increase in vorticity near 11:52 also occurs in conjunction with a large rotation in B θ . Smaller increases in the vorticity also appear to be correlated with rotations in the magnetic field. Figure 9 covers the time of the major field rotation between 12:30 and 12:46 UT. During this time period there is no evidence of return particles at the spacecraft. While there is evidence of enhanced vorticity at the edges of the rotation it is by no means as intense as that seen in Fig. 8 or even that seen later in this plot. As in the previous plot many of the increases in vorticity appear to be well correlated with field rotations.
The next figure shows a time period where the spacecraft are moving in and out regions containing return particles. If there is a correlation of vorticity with the boundaries separating regions which contain return electrons and those that don't it is hard to determine as most boundaries occur as the result of field rotations sweeping the boundaries across Fig. 11 . Measured electron vorticity (black) compared with the vorticity which would be produced by changes in a constant field aligned velocity across the four spacecraft.
the spacecraft. One exception may be the enhancement at 13:34:30 UT, which does not appear to be correlated with any major field rotation but occurs in conjunction with a small reappearance of return particles. The increase in vorticity near 13:43 is one of the few seen during this event which occurs in the absence of return particles.
Discussion
The strong correlation between the electron vorticity and rotations in the magnetic field suggests a connection to either the strahl and/or the return populations. Both populations are highly field-aligned however it should be noted that the return populations often show non-gyrotropic features as can be seen in Fig. 3 which results in some perpendicular flow in their velocity moments. Directional changes in the magnetic field will translate to directional changes in the flow velocities of both components. Should these changes result in deflections in the total fluid velocity then a vorticity will exist provided that the magnetic field variations are local and propagate across the spacecraft (i.e., there are different deflections at each satellite).
The role of the rotations in the magnetic field can be seen in Fig. 11 . In the figure the red trace is the result of a simple simulation in which there is assumed to exist a constant 200 km s −1 field aligned velocity at each of the four spacecraft. The GSE component velocities at each spacecraft are then computed by decomposing this velocity using the measured field orientations. The vorticity is then computed using the actual spacecraft separations.
The overall qualitative agreement between the simulated and measured vorticity demonstrates how strongly coupled the existence of vorticity is to rotations in the magnetic field. The good quantitative agreement is surprising. The constant 200 km s −1 field aligned velocity used in the simulation is simply an average velocity of the strahl over the time period. This does not mean that the strahl or for that matter the return electrons are the direct source of the vorticity but probably does indicate that they are the primary drivers in the overall electron response which must factor in adjustments by the core and halo populations. What this response looks like is shown in Fig. 12 . This is a rather complex set of plots which show the component velocities in GSE coordinates of all of the solar wind populations together with the velocities derived from the full eVDF. The component velocities were estimated using the method described in Sect. 7 and are shown in the plots as reduced velocities. Also shown in the figure is the total velocity of the populations (Vm), the spherical components of the magnetic field, and the magnitude of the vorticity which is plotted as a bar chart.
The figure shows 5 min of data during which there are two excursions into and out of regions that contains return electrons, one lasting about 24 s near 12:56:30 UT and one lasting about 16 s near 12:57:30 UT. These are identified from the plot containing the magnitude of the velocity of the return electron population (Vm, green trace). Recall that there is a non-zero baseline offset in the velocity of about 50 km s −1 when there are no return electrons due to background counts in the mask area. Both incursions into an area of return electrons are short and accompanied by jumps in the measured vorticity. The first occurs at the start of a significant rotation in the θ component of the magnetic field and the second possibly at the exit of the rotation but this is less clear. What should be noted in the plots is the response of the core/halo population to changes in the strahl and return populations. For the 12:56:30 UT event the V x component of the return electrons remains almost unchanged while there is a significant decrease in the strahl component. This decrease is countered by an increase in the core/halo velocity which attempts to counter the decrease but as can be seen in the plot of the full eVDF component does not fully compensate for the change. The V y component for the same time period shows a different picture. Here the changes in the return and strahl component velocities are almost equal and opposite. This causes little net overall change in V y and because of this there is no appreciable response in the core/halo and no change in the full eVDF V y . In V z , as in V y , the return and strahl contribution to the velocity vary oppositely, however, there is a larger change in the return component than in the strahl which forces a response in the core/halo to attempt to balance out the difference. As in V x this response is short and there is a net change in the total V z .
What is seen in Fig. 12 is that the core/halo actively works to reverse any changes in the component velocities of either the strahl and/or the return populations. That the response of the core is generally not fully successful results in small overall changes in the component velocities which are then appear as vorticity. Because many of these velocity changes are initiated by changes in the orientation of the local magnetic field is why there is such a good correlation between vorticity and the magnetic field rotations seen in Fig. 11 . Figure 13 shows a higher resolution plot of the data in Fig. 11 covering the time period in Fig. 8 which gives a better indication of just how well the qualitative agreement is.
Conclusions
The electron data from the four Cluster spacecraft has provided the opportunity to compute spatial derivatives of the plasma moments in the Earth's electron foreshock. There are several questions which had to be addressed before any analysis could take place. One of the most prominent is the ability of the electron moments to adequately represent the solar wind. This was shown to be basically a non-issue. The Cluster electron velocity moments are on a par with the ion measurements where they could be compared and the density is on a par with that derived from WHISPER. The methodology used to compute both the moments and the spatial derivatives is described in detail together with associated problems.
Spatial derivatives were computed for a two and a half hour interval during which the spacecraft are in the upstream. For most of the time they are on field lines which are connected to the bow shock which is evidenced by a strong return particle signature. The vorticity in the time period exhibits increases in the vicinity of rotations in the magnetic field. Simple simulations suggest that this is due to deflections of the total velocity caused by changes in orientation of the velocity of the field-aligned strahl and reflected electron populations together with response by the core/halo to the changes. We have yet to look into whether any of these changes induce measurable changes in the ion VDF.
The coupling of the magnetic field and return particles electrons poses an interesting question: can this coupling be used to couple turbulence in the magnetic field to the particles? With only four second resolution on the plasma moments we do not have the time resolution to look at the high frequency fluctuations, however it seem entirely plausible. The comparison of turbulence in the measured vorticity and magnetic field over the frequency range available will be taken up in a future paper as will the role changes in the core/halo in the response to the overall changes in the strahl and return electrons. We also plan to look at the vorticity signatures present during the times indicated in the work by Hasegawa et al. (2006) .
